ABSTRACT Spider dragline silk is one of the strongest, most extensible and toughest biological materials known, exceeding the properties of many engineered materials including steel. Silk features a hierarchical architecture where highly organized, densely H-bonded beta-sheet nanocrystals are arranged within a semiamorphous protein matrix consisting of 3 1 -helices and beta-turn protein structures. By using a bottom-up molecular-based approach, here we develop the first spider silk mesoscale model, bridging the scales from Angstroms to tens to potentially hundreds of nanometers. We demonstrate that the specific nanoscale combination of a crystalline phase and a semiamorphous matrix is crucial to achieve the unique properties of silks. Our results reveal that the superior mechanical properties of spider silk can be explained solely by structural effects, where the geometric confinement of beta-sheet nanocrystals, combined with highly extensible semiamorphous domains, is the key to reach great strength and great toughness, despite the dominance of mechanically inferior chemical interactions such as H-bonding. Our model directly shows that semiamorphous regions govern the silk behavior at small deformation, unraveling first when silk is being stretched and leading to the large extensibility of the material. Conversely, beta-sheet nanocrystals play a significant role in defining the mechanical behavior of silk at large-deformation. In particular, the ultimate tensile strength of silk is controlled by the strength of beta-sheet nanocrystals, which is directly related to their size, where small beta-sheet nanocrystals are crucial to reach outstanding levels of strength and toughness. Our results and mechanistic insight directly explain recent experimental results, where it was shown that a significant change in the strength and toughness of silk can be achieved solely by tuning the size of beta-sheet nanocrystals. Our findings help to unveil the material design strategy that enables silk to achieve superior material performance despite simple and inferior material constituents. This concept could lead to a new materials design paradigm, where enhanced functionality is not achieved using complex building blocks but rather through the utilization of simple repetitive constitutive elements arranged in hierarchical structures from nano to macro.
S pider silk is a strong and tough fibrous biological protein material with a hierarchical structure ( Figure  1a ) that has evolved to fulfill multiple functions of efficiently storing and dissipating mechanical energy, [1] [2] [3] [4] [5] making it one of the toughest and most versatile materials known. 2, 6 Silks belong to the broader class of biological structures that have evolved as critical material components in biological systems to provide structural support, force generation, catalytic properties, or energy conversion. 4, [7] [8] [9] From a biological point of view, spiders take advantage of these unique mechanical features when using silk threads to support their own weight and to absorb kinetic energy to capture prey. 1 From an engineering perspective, silk has been utilized in various technological fields including parachutes, medical sutures, and more recently, tissue regeneration and many other biomedical applications. 10 Experimental and computational investigations of the structure of silk at the nanoscale revealed that there exist two fundamental structural constituents: highly organized antiparallel beta-sheet nanocrystals and a semiamorphous phase that consists of less orderly protein structures ( Figure  1a) . [11] [12] [13] It has been suggested that the antiparallel betasheet nanocrystals [14] [15] [16] play a key role in defining silk mechanical properties, as they provide stiff orderly crosslinking domains embedded in a semiamorphous matrix that consists of less orderly beta-structures, 3 1 helices and beta-turns. 11, 17, 18 Similar to their role in other mechanical proteins, [19] [20] [21] [22] [23] [24] [25] it has been hypothesized that H-bond arrays in beta-sheet nanocrystals reinforce the polymeric network under mechanical stretch, by forming interlocking regions that transfer the load between chains. 17, 26 In particular, Termonia's pioneering empirical two-phase model based on experimental data has been instrumental in explaining the importance of the ratio and size of crystalline and semiamorphous domains, at a time when large-scale atomistic simulations of spider silk constituents were impossible due to the lack of suitable force fields and computational resources. 26 More recently, macroscale experiments demonstrated that when the size of beta-sheet nanocrystals is reduced by moderating the reeling speed or by infiltration, silk displays enhanced toughness and greater ultimate strength, [26] [27] [28] exceeding that of steel and other engineered materials.
However, despite progress in experimental, theoretical, and computational studies, thus far no model exists that enables a rigorous understanding of the role of the two fundamental constituents of silk at the intermediate, "composite" level (i.e., the silk fibril nanostructure as shown in Figure 1a ). This progress has partly been hindered due to a lack of appropriate atomistic models of silks, and a lack of a thorough understanding of the mechanical behavior of silk's constituents at the nanoscale. Both issues have recently been addressed through protein structure identification methods and large-scale molecular simulation studies, where the molecular structure and mechanical signature of the two key constituents of silks have been identified. 14, 29, 30 As a result, we are now in a position to understand the fundamentals of the origin of silk's unique material properties directly from an atomistic level and without the need to introduce experimental parameters, an issue that will be addressed in this article. The aim of this work is to utilize key material and structural parameters from atomistic calculations on dragline silk constituents and to develop a fundamental understanding of silk's exceptional performance by linking the molecular structure and mechanisms to its larger-scale mechanical behavior.
Results and Discussion. To provide a fundamental description of spider silk mechanics from a bottom-up perspective, and to elucidate the design strategy behind the making of silks, here we use a simple coarse-grained model whose parameters are directly informed from atomistic simulation results. A schematic of the model setup is depicted in Figure 1b , showing how a simple combination of beta-sheet nanocrystal and semi-amorphous region is modeled by beads connected via multilinear springs in a serial arrangement. This ensemble represents the silk unit cell and reflects the geometry of silk's nanostructure shown in Figure  1a . Each constituent has a mechanical signature informed from full atomistic simulation 14, 29, 30 as illustrated in Figure  2 (for details on the model development and setup, see Materials and Methods). This model, albeit extremely simple, is capable of describing the key features of the nanomechanics of spider silk without the introduction of any experimental parameter. We apply the model to simulate the mechanical deformation of silk according to the tensile loading condition shown in Figure 3a . We begin our analysis by considering a system characterized by a beta-sheet nanocrystal size of 3 nm, which corresponds to the size found in natural silk. We find that the resulting stress-strain curve shown in Figure 3b displays the characteristic shape observed in silk, that is, it displays an early yield point, leading to a significant softening and followed by a severe stiffening effect. A detailed analysis reveals that the initial regime is characterized by a relatively high tangent modulus (830 MPa), owing to the homogeneous stretching of semiamorphous regions that are rich in hydrogen bonding in the form of 3 1 -helices and beta-turns. 1, 11, 26 The onset of rupture of the hydrogen bonds in the semiamorphous domains leads to yielding at strain values of around 13% and is evident from a sudden drop in the tangent stiffness. The tangent modulus of this softer regime is much lower, around 310 MPa. During this plateau regime, protein chains in the semiamorphous region gradually unravel along the pulling direction, 27 ,31 a mechanism that is mediated by the hidden length of the polypeptide that is released as hydrogen bonds break. At a strain value of around 50%, the stress-strain curve enters a high-stiffness regime (with a much higher tangent stiffness of around 8 GPa). At this point, the semiamorphous region has been completely stretched out and the beta-sheet nanocrystal begins to sustain larger strains. An interesting event observed in the stress-strain plot is a short softening regime starting at around 63% strain, immediately prior to failure. A detailed analysis of this phenomenon shows that this is due to the stick-slip failure mechanism of the beta-sheet nanocrystals, a mechanism first described in ref 14 . This final high-stress regime contributes significantly to the overall toughness, as it accounts for approximately 20% of the total energy dissipated before failure. When the applied force reaches the maximum tensile strength at strain values of 67%, individual beta-strands are completely pulled out, and failure occurs at a stress of 1379 MPa. This maximum stress level, on the order of GPa, is in quantitative agreement with results from experimental studies. 27 We now consider a systematic variation of the beta-sheet nanocrystal size of up to 10 nm and study its impact on silk mechanical properties, with the aim to quantify the effect of the crystal size on the overall mechanical behavior. The motivation for this analysis is to examine earlier hypotheses, suggesting that small changes in crystal size translate altogether into a different overall mechanical response of spider silk.
14, 27 The results of the mechanical analysis are shown in Figure 3b , where we plot the stress-strain curves for varying beta-sheet nanocrystal sizes. The most important finding is the observation that the size of beta-sheet nanocrystals, at otherwise completely identical conditions, severely affects the mechanical response. The analysis reported in Figure 3b clearly shows that larger-crystal systems (i.e., 6.5 and 10 nm beta-sheet nanocrystals) have a behavior that deviates significantly from the reference (3 nm) smallcrystal case, especially at high levels of deformation. Silk fibrils with larger beta-sheet nanocrystals break at significantly lower stress values, and also show a shorter (61 and 58% strain, respectively) and much softer third regime, with a tangent modulus of 6 and 3.6 GPa, respectively. The initial and intermediate regimes, however, are comparable to the 3 nm crystal case where the transition points and stiffness values do not vary substantially between the two systems.
Our results demonstrate that an increase in beta-sheet nanocrystal size leads to a significant loss of strength and toughness of the system ( Figure 4 ). As shown in Figure 4a , with a value of 925 MPa the 6.5 nm-crystal case shows a decrease in maximum stress of approximately 33% with respect to the reference case. The drop is even larger for the 10 nm crystal case, which fails at 447 MPa, 67% less than the reference case. The drop in maximum stress also leads to a considerably lower toughness value (Figure 4b) , with a decrease of 43 and 60% (for the 6.5 and 10 nm cases, respectively) when compared to the reference small betasheet nanocrystal case.
We now analyze the deformation mechanisms at different strain levels and for varying beta-sheet nanocrystal size. Figure 5 shows the relative contribution ∆L i /∆L T of the semiamorphous domain and of the beta-sheet nanocrystal to the overall deformation and for all the three beta-sheet nanocrystal sizes considered in this study. In the smallestcrystal system (3 nm), the deformation of the beta-sheet nanocrystal starts to play a significant role once the semiamorphous region begins to stiffen at around 50% strain, and clearly dominates deformation when the stick-slip mechanisms of the beta-sheet nanocrystal is triggered (Figure 5a ). This increase in beta-sheet nanocrystal deformation at large strains has been hypothesized in earlier experimen- tal studies, but is here for the first time shown from a molecular perspective and with a direct link to underlying molecular mechanisms. In the larger crystal cases of 6.5 and 10 nm, however, the beta-sheet nanocrystal contribution to deformation reaches significant levels even at small deformation (Figure 5b,c) . The reason is a much softer behavior of the beta-sheet nanocrystals (as illustrated in Figure 2b) , which results in greater displacements of the nanocrystal domain. This observation demonstrates the importance of the great stiffness of beta-sheet nanocrystals to enable the specific deformation mechanisms that are crucial to silk's mechanical properties.
Next we compare the maximum deformation of the semiamorphous region at the failure point, for different betasheet nanocrystal sizes. As shown in Figure 6 , we observe that the semiamorphous regions are less stretched in systems with larger beta-sheet nanocrystals. The maximum strain ∆L A /∆L A,0 reached in the semiamorphous region is 61% in the 3 nm beta-sheet nanocrystal case, 56% in the 6.5 nm case, and around 51% in the 10 nm case. This is an important observation, which suggests that the increase in the beta-sheet nanocrystal size prevents the material to take full advantage of the entire potential of the semiamorphous region, that is, to unravel its hidden length and thus severely affecting silk's extensibility and energy dissipation capacity as is evident from the data shown in Figure 4 . 32, 33 Overall, the results of our study are in excellent agreement with experimental data, where a similar variation of the beta-sheet nanocrystal size and its impact on larger-scale mechanical properties was reported recently, 27 showing a drastic drop in toughness when beta-sheet nanocrystal size increases (in experiments, 27 the change in the beta-sheet nanocrystal size was achieved via a change of the reeling speed, showing a drop of strength from approximately 1500 to 300 MPa as the beta-sheet nanocrystal size was increased, in reasonable agreement with the results shown in Figure  4a ). We note that the failure strain values in the three systems that we investigated here are larger than those found in experimental studies (between 10 and 50% more). This phenomenon can be explained based on two points. First, in our model we consider an ideal and rather simplified (one-dimensional) model that completely lacks statistical variability and structural defects. This generally leads to enhanced strength and extensibility in comparison to systems with defects (as is likely the case for experimental results). Second, we underline that physiologically spun silks (i.e., the small-crystal case) undergo a substantial prestretching at the orifice. 27, 34 However, the current model does not include this effect and we consequently expect an overestimation of the stretching capacity of the material. Future models could directly include variability of structure and defects in silk and model the effect of prestretching to allow a better comparison with experimental data. This could, for example, be achieved by the development of a two/threedimensional model of silk fibrils.
Conclusion. The most important finding of our study is that it has revealed the mechanistic interplay of the two constitutive phases of silk, semiamorphous regions and highly organized beta-sheet nanocrystals, as well as the effect of structural changes on the overall mechanical behavior of silk. We find that semiamorphous regions unravel first when silk is being stretched, leading to its large extensibility. Conversely, the large-deformation mechanical properties and ultimate tensile strength of silk are controlled by the strength of beta-sheet nanocrystals, which is directly related to their size. An important discovery is that small beta-sheet nanocrystals are crucial to reach outstanding levels of strength and toughness, as shown clearly in Figures 3-5 . A key observation from our study is that the unraveling of semiamorphous regions is severely influenced by the size of the beta-sheet nanocrystals (Figure 6 ), and that only ultrasmall crystals provide the basis for silk to take full advantage of its high extensibility, failure stress, and energy dissipation capacity. Small-crystal systems guarantee the required cross-linking strength that is necessary for the semiamorphous domains to fully extend and to enter a highstiffness covalent regime, when beta-sheet nanocrystals are being stretched and eventually fail. The resulting capacity to sustain large tensile force as well as extension enhances the strength and energy dissipation ability of the material. Overall, the confinement of beta-sheet nanocrystals to the nanoscale is essential for the superior mechanical properties of silks, as this is crucial to reach high extensibility and high levels of stress. Our results further show that the severe change of the mechanical properties of spider silk under relatively small variations of the size of beta-sheet nanocrystals can be explained solely based on structural effects (Figure 3-4) . Our findings also relate the characteristic yielding point in the stress-strain curve, observed universally for many types of silks, to the onset of failure of semiamorphous regions, when H-bonded 3 1 -helices and beta-turns begin to rupture (see Figure 2a) .
Our findings have impact beyond our understanding of silk mechanics, as they show that by solely controlling the structure at the nanoscale, a tailoring of material properties at the microscale is possible without the need to introduce any new material constituents. This could provide us with a powerful alternative to the traditional engineering top-down approach of shaping materials to obtain specific properties and enable the bottom-up design of complex materials. 35 Thereby, the application of our findings to the design of synthetic materials could provide us with new material concepts based on inexpensive, abundant constituents and facilitate the development of effective cross-linking domains in other materials. 36, 37 Technologically, we are not limited by "simple" natural building blocks such as amino acids. Therefore, the incorporation and transfer of the materials design strategies identified here into synthetic materials could result in materials with significantly better performance and much higher levels of strength and toughness, while reaching similar levels of extensibility. The incorporation of mutability concepts could be used to design materials whose mechanical properties can be controlled by external cues such as humidity, [38] [39] [40] temperature, pH, magnetic or electric fields by providing a strategy to control the nanostructure of the material and thereby its functional properties.
Materials and Methods. Coarse-Grained Molecular Model. A multiscale computational bottom-up investigation of spider silk, the approach employed in this work, is a powerful tool to understand its mechanical properties from a fundamental perspective. At length-scales on the order of hundreds of nanometers, spider silk appears as an entanglement of polypeptide chains with two distinct domains that consist of (A) a semiamorphous region 13, 41 and (B) a highly ordered crystalline domain consisting of beta-sheet nanocrystals. 26 We model the silk constitutive unit as a combina- tion of these two domains, as shown in Figure 1b . The structure and mechanical behavior of these domains have been previously explored by atomistic simulations, 29, 30 enabling us to feed a complete set of constitutive parameters directly from lower, molecular scales. A model made up of a series of springs is a simple, yet powerful way to link nanostructural features and mechanical signatures of constitutive elements to the overall mechanical behavior at the silk-fibril scale. The serial spring assumption is reasonable at the nanoscale, since in the sequence of spider silk the crystalline domains are followed by the glycine-rich repeats that form the semiamorphous regions, resulting in a serial constitutive unit that is the fundamental building block of more complex hierarchies at larger scales.
42
Model Formulation and Parameter Identification. Fullatomistic simulations to understand the mechanical properties of the two distinct regions of spider silk have been performed in earlier studies. 29, 30 A representative volume element containing 15 polypeptide chains is used to derive the constitutive behavior. This approach of considering more than one chain in the atomistic mechanical characterization allows us to obtain a distribution of mechanical responses and to compute their averaged value. When compared to a single-chain mechanical characterization, this approach also accounts for the various interactions between chains within the semiamorphous domain. This is critical, for example, to accurately describe the constitutive properties of 3 1 -helices that involve multiple polypeptide chains. The effective force-extension behavior derived from the large molecular assembly is then normalized by the force, area, and length per single polypeptide chain to develop an appropriate constitutive law. The results from these analyses are used directly to determine the parameters of the present coarsegrained model, representing a single amorphous domain and a single beta-sheet nanocrystal.
We approximate the force-displacement behavior of the two constituting phases in silk under tensile loading with a multilinear model. Numerical values of all parameters developed here are given in Tables 1 and 2 , and details on the mathematical formulation and parameter identification are given below.
Semiamorphous Region. Atomistic simulations revealed a characteristic three-stage deformation pattern, where an initial stiff regime is followed by a yielding point and a long plateau, and eventual significant stiffening as the polypeptide's backbone is being stretched. 29, 30 This behavior is associated to the presence and the breaking of secondary structures such as 3 1 -helices and beta-turns, which are rich in intrachain and interchain hydrogen bonding. 11, 26 At larger strains, the structure enters a final high-stiffness regime, characterized by the stretching of covalent bonds along the protein backbone.
Values for the stiffness of the three different regimes of the semiamorphous domain are extracted from atomistic simulation data. 29, 30 By fitting these results with a trilinear function, we obtain the tangent stiffnesses as a function of the displacement, where ∆L A ) L A -L A,0 describes the deformation of the semiamorphous region (relative to the initial length). The stiffness as a function of deformation is then given by where the values for k A,i as well as the transition deformations ∆L A,1 and ∆L A,2 are summarized in Table 1 . The force versus deformation of the amorphous domain is given by the following law
The resulting force-deformation curve of the semiamorphous region is shown in Figure 2a .
Beta-Sheet Nanocrystal. The beta-sheet nanocrystal is modeled as a nonlinear spring, where the force-displacement characteristic is informed from atomistic simulation results. 14, 29, 30, 43, 44 The beta-sheet nanocrystal is modeled as two beads superimposed on one another, and the bond between these beads characterizes its mechanical response. From ato- 
(1)
mistic simulations 14 it was found that the properties of the betasheet nanocrystals vary as a function of crystal size, where small crystals are stiffer, dissipate more energy through a stick-slip mechanism and fail at higher force values. We consider the effect of the variation in size of beta-sheet nanocrystals on the mechanical behavior by scaling the crystal stiffness, strength and energy dissipation capacity according to size-effects observed in atomistic simulations. To account for these effects, beta-sheet nanocrystals of different size feature distinct mechanical properties [45] [46] [47] in this model. The beta-sheet crystal stiffness is modeled as a function of the crystal deformation, computed as ∆L B ) L B -L B,0 . The expression for the stiffness k B as a function of deformation ∆L B is then given by where ∆L B,1 is the beta-sheet nanocrystal transition point as defined in Table 2 and shown in Figure 2b .
The force as a function of deformation is given by the following expression where the Heaviside function H is defined as H(∆L B ) ) 1 for ∆L B < L B,2 and H(∆L B ) ) 0 for ∆L B g L B,2 .
The failure point, ∆L B,2 depends on the crystal size as summarized in Table 2 . The transition point ∆L B,1 , representing the onset of stick-slip motion, only exists in the smallest 3 nm beta-sheet nanocrystal case. For the larger beta-sheet nanocrystals (6.5 and 10 nm cases), the force on the linear spring is simply given as
The spring constants are calculated by dividing the maximum tensile strength by the softening deformation for the 3 nm case and by the breaking point for the larger-crystal cases. The second, softer regime for the small-crystal case is assumed to feature a constant stiffness equal to 1% of the initial one (see Figure 2b ), approximating the stick-slip behavior observed in atomistic simulations through an elastic plastic model. 14 The calculation of the breaking point is done by maintaining the dissipated-energy proportion between beta-sheet nanocrystals of different size. Explicit atomistic simulations suggest that a 3 nm crystal is approximately three times tougher than a 6.5 nm crystal and in the context of the bilinear spring model 14 this results in a breaking point value of 5.8 Å. We note that the atomistic calculations on strength and effective stiffness are based on the pull-out force required to separate a single strand from the crystal, to be consistent with the normalization for a single polypeptide strand.
The maximum tensile strength of beta-sheet nanocrystals of different size 14 is derived directly from atomistic simulation for the 3 and 6.5 nm beta-sheet nanocrystals, 14 while it is linearly extrapolated for the 10 nm case. To be consistent with the force values of the semiamorphous domain, the maximum strength is directly calculated from simulations in implicit solvent for a 3 nm crystal system, and the large beta-sheet nanocrystal strengths are then determined using the strength ratio from explicit simulations. The softening point for the 3 nm beta-sheet nanocrystal is extracted from explicit simulation results, as well as the breaking point for the 6.5 nm beta-sheet nanocrystal. In the 10 nm case, the breaking point is linearly extrapolated, keeping the same ratio of increase in breaking deformation as in the other two cases (6.5 and 10 nm). Both extrapolations for the 10 nm beta-sheet nanocrystal are performed in order to study a limiting case in the analysis of the effects of crystal size.
Parameter Sensitivity. Since all constitutive elements feature a multilinear elastic behavior, it is possible to predict a linear behavior in the response of the system to a parameter variation, either resulting from a different mechanical signature or from an error in the parameter estimate. Of particular interest is the dependence of the overall strength on the strength of the beta-sheet nanocrystal. Given the fact that the large-deformation behavior (including the fracture behavior) is controlled solely by the beta-sheet nanocrystal phase, a percentage variation in the maximum tensile strength of the beta-sheet nanocrystal correlates directly with the maximum tensile strength of the overall structure.
Model Setup, Computing Technique and Stress Calculation. The MATLAB script provided in Supporting Information is used for calculating the stress-strain behavior of the one-dimensional serial spring model discussed in this work. The effective stiffness of the system under tensile stretch is given by a serial arrangement of two springs and corresponds to Force-displacement calculations are carried out by applying displacement increments to the system and computing the relative deformations of the serial springs as a function of their instantaneous stiffness. The displacement of each element can be computed based on eq 6 such that total deformation equals ∆L T ) ∆L A + ∆L B at any point, and forces can be evaluated from eqs 2, 4, and 5. (6) are derived from force calculations by considering a square cross-sectional area A ) 10 Å × 10 Å (this estimate for the effective area of a single polypeptide chain is based on a geometric analysis of the spider dragline silk nanostructures obtained in earlier atomistic simulation studies 29, 30 ) along the whole system length such that σ ) F/A, where σ is the computed stress, F is force per chain and A denotes the crosssectional area associated with a single polypeptide chain.
Calculation of Toughness. Mechanical toughness is calculated measuring the area under the force-extension curve (until structural failure) by means of a trapezoidal numerical integration.
